Abstract-We investigated the performance of 10Gbps NRZ-DPSK repeaterless transmission system over 300km. The system is demonstrated experimentally over standard Single-Mode Fiber (SMF). The results showed the capability of terrestrial repeaterless transmission systems as a cost effective solution for improving broadband penetration particularly for rural areas.
I. INTRODUCTION
In sparsely populated areas where the population is concentrated in small towns and villages spread hundreds of kilometers apart, it is very challenging to provide cost-effective broadband services. These population centres are far apart with typical distances between centres about 300km separated by deep jungle and difficult and inaccessible geographical terrains. It is expensive to provide broadband connections to these population centres in terms of capital investment (CAPEX) and operational expenditure (OPEX). This inhibits the deployment of broadband infrastructure to rural areas creating a digital divide. In such a case, repeaterless transmission systems are an attractive solution [1] . Fig.1 shows a night time satellite image [2] of the population centres in Malaysia. The areas lighted up are linked to economic activities and hence higher utilization of broadband. The darker areas are areas with lower population density and in general sparsely populated.
Existing repeaterless systems are mostly used in submarine transmission such as island to island, mainland to island and coastal festoons [3] , [4] . For submarine applications, fiber cables with lower losses and larger effective areas are used. For terrestrial networks, deployment of fiber cables consists of exclusively standard SMF [5] , [6] . A few examples of terrestrial transmission that will benefit from adopting repeaterless transmission are transnational transmission over land boundaries, rural broadband deployment and transmission across geographic areas where access for maintenance is limited and difficult.
We designed a repeaterless transmission system that operates at 10Gbps over 300km SMF without any in-line repeaters between transmitting and receiving ends. Ultimately, the elimination of the CAPEX and OPEX of the repeater stations will The main system and subsystems of the repeaterless transmission system as well as experimental setup is explained in Section 2. In Section 3, the experimental results of single channel and WDM channel are presented. The conclusions are discussed in Section 4.
II. SYSTEM DESIGN ARCHITECTURE
Major components for the repeaterless system including transmitter, dispersion compensation module, optical amplifier, fiber type and receiver; will be discussed below.
A. NRZ-DPSK Transmitter
In this design, we used Optical Differential Phase-Shift Keying (DPSK) modulation format that is very attractive for high bit rate optical links with the benefit of 3-dB compared with conventional NRZ-OOK format. DPSK has demonstrated increased robustness against fiber nonlinearities as well as fluctuations in signal level at the receiver decision circuit [6] . In addition, DPSK allows high fiber launch power to overcome link losses of up to 60 dB [7] .
B. Multi Channel-Chirped Fiber Bragg Gratings (MC-CFBG)
MC-CFBG is added to 300km fiber link as dispersion compensators in the pre-compensation and post-compensation configuration. MC-CFBG is a cost-effective solution for longspan dispersion compensation as the cost is fixed by the number of MC-CFBGs needed in combination to achieve the total desired dispersion compensation. MC-CFBG is a small module size and has a fixed insertion lost at 3.5dB. In addition, it can operate over a broad bandwidth with the ability to compensate for chromatic and third order dispersion of each individual channel. MC-CFBG also has greatly reduced nonlinearity when compared to conventional dispersion compensation fiber (DCF) [8] .
C. Standard Single Mode Fiber (SMF)
Typical terrestrial deployment of fiber optic cables is standard G.652. In this experiment, 300km of standard G.652 are used and the measured insertion loss is 60dB.
D. Optical Amplifiers
Two types of amplification module used for this setup are Erbium Doped Fiber Amplifier (EDFA) and Distributed Raman Amplifier (DRA) to compensate loss in fiber links and improves the optical signal noise to ratio (OSNR) of the transmitted signal.
E. Optically Pre-Amplified Receiver
The optically pre-amplified receiver is designed to increase receiver sensitivity of the receiver. The EDFA is used to improve the gain of the receiver system; and integrated with an optical bandpass filter (TBF), Mach-Zender Interferometer (MZI) and differential balanced receiver. Fig. 2 shows the repeaterless transmission system for terrestrial networks over 300km. At the transmitter site, eight channels of 100-Hz-spaced lasers from 1547.72 to 1553.33 nm are connected separately to two NRZ-DPSK modulators. A 4-channel Pulse Pattern generator used to generate data 27 −1 through transmitter modulators at 10Gbps Pseudorandom Binary Sequence (PRBS). The modulated signals from both modulators are coupled into the transmission link of 300km SMF through EDFA 1, pre-compensation MC-CFBG and Forward Distributed Raman Amplifier (F-DRA). The total fiber dispersion is 5040.3 ps/nm at 1550 nm and is compensated through pre-compensation MC-CFBG (1707 ps/nm) and postcompensation MC-CFBG (3344.45 ps/nm). The F-DRA has four pump sources, which are at 1430 nm, 1440 nm, 1460 nm and 1480 nm. The Backward-DRA (BDRA) used two pumps at 1450 nm and 1460 nm.
The transmitted signal is received at receiver terminal consisting of B-DRA, EDFA 2, post-compensation MC-FBG, Array-waveguide (AWG) and optically pre-amplified receiver. The received power is obtained by changing a variable optical attenuator before a 95:5-coupler at fixed pump power of EDFA 2. EDFA 3 is operated at saturation mode. The optical filter is used to filter out of band signals. The signal is detected at differential balanced receiver after the MZI. The timing 
III. RESULTS AND DISCUSSIONS
The eye diagram and BER are the key performance measurements for long-haul optical transmissions link. The eye diagram is a useful qualitative measure of a digital system's performance, where the degradation of the signal due to noise, distortion as well as timing jitter can be readily observed. Fig. 3 shows the optical spectrum of 8-channel 10Gbps NRZ-DPSK repeaterless transmission system before the amplification of the signal. .51 nm are shown respectively. It can be seen that the performance of 8-channel suffers a penalty of 2.2 dB compared to the single channel. This is due the fact that the 8-channel experienced ONSR limitation due to inter-channel nonlinearities impairments affecting the WDM system. However, the receiver sensitivities more than adequate to satisfy the BER performance requirements above the Forward Error Correction (FEC) threshold. The performance of 10Gbps NRZ-DPSK repeaterless transmission system has been designed and experimentally demonstrated. From the experimental results, it is clear that this system is suitable for terrestrial applications. From the BER measurements, the performance of WDM channel suffers 2.2 dB penalty compared to single channel transmission system. This system is well suited for the operating conditions prevalent in most rural deployment of terrestrial transmission systems in sparsely populated areas.
